Moire photographs of the lingual surfaces of eight upper central incisors were taken using a specially designed standard plane. This plane was formed by three points, namely the most protruding points of the lingual tubercle, and the mesial and distal marginal ridges of the lingual surface. When the moire photographs taken using this standard plane were observed, they showed a high reproducibility. These photographs could be applied to measurement of the depth of the lingual fossa and the three-dimensional distances between the measuring points.
Introduction
Odontometry has occupied an important position in dental anatomy and physical anthropology. Therefore, various studies using odontometry have been done previously. These studies, however, have mostly been based on one or two dimensional measurements, such as those of the linear distances of the mesiodistal and buccolingual crown diameters [1] [2] [3] , projected occlusal areas [4, 5] and groove patterns [6, 7] . Yet, teeth, and particularly their crowns, are objects that have a complicated three-dimensional structure consisting of cusps, ridges and grooves. Therefore, crown morphology cannot be described properly using the conventional measured values alone. The three-dimensional description of the micro-relief of a crown has thus become one of the most important problems in dental morphology [8, 9] .
Against this background, the authors have carried out three-dimensional measurements of the occlusal surfaces of permanent molars and deciduous molars using the moire method, and reported such findings as sex differences in the height of cusps and racial differences in the three-dimensional features of occlusal surfaces and the relationship between three-dimensional occlusal features and jaw move-ment [10] [11] [12] . In these studies reported by the present authors, the standard tri-cuspal plane was used as a criterion for moire photography and measurements and this procedure showed a high reproducibility. However, the above criterion is applicable only to a multicusp tooth such as a permanent molar and deciduous second molar. As for other types of teeth, no method of photography suited to three-dimensional measurement by the moire method has yet been devised. Needless to say, three-dimensional measurement is just as important with regard to types of teeth other than permanent molars or deciduous molars, viz., the incisors, canines and premolars.
In the present study, the authors examined a method for three-dimensional measurement of the lingual surface of the upper central incisors using the moire method.
Materials and Methods
Materials used were plaster casts of eight upper central incisors duplicated from among the individual sets of teeth housed in the Department of Anatomy, Nihon University School of Dentistry at Matsudo, Japan. These materials were selected under the condition that attrition and abrasion were not visible with a magnifying lens on the cutting edge, mesial and distal marginal ridge, and the lingual tubercle and that there was no anomaly with regard to crown shape and size. In order to standardize the photography, the crown of each incisor was fixed on a specially designed rectangular plaster-stone mount (Fig. 1) . The plane formed by three points, the most protruding points of the lingual tubercle, and the mesial and distal marginal ridges of the lingual surface, was aligned parallel with the horizontal plane (Fig. 2) and then a dowel pin (Sankin) was inserted into the cervical region of the root in such a way as to coincide with the central line in the mesiodistal direction which was parallel with the above-mentioned horizontal plane. Finally, the crown was fixed on the plaster-stone mount so that the dowel pin was able to pierce through the center of the mount. This method of incisor crown fixation allowed photography to be performed nonambiguously, not only with regard to the lingual surface but also with regard to the mesial and the distal surfaces as well as the incisal aspect. The details of the moire apparatus and photographic technique used have been published elsewhere [9] . Results and Discussion Figure 3 shows two examples of moire photographs taken of the labial, the lingual and the mesial and distal surfaces of upper central incisors. Because the lingual surface was used as the criterion for photography in the present study, the labial surface was heavily inclined against the tooth axis toward the cutting edge. This was clear from the moire photograph of the proximal surface of the tooth. Also, on the labial surface, the swollen portion of the cingulum and the running pattern of labial surface ridges were clearly visible ( Fig. 3; a) . On the lingual surface, the running pattern of marginal ridges and cutting edges were clearly visible and the degrees of development of the lingual tubercle and the spine process were also clear ( Fig. 3; b) . On the proximal surface, a difference was observed between the mesial and distal surfaces at the location of the most protruding portion. Thus, the use of the moire method facilitated clear observation of both the moire contour pattern and the quantitative and three-dimensional features of the complicated structures on the surface of the crown.
Although the materials used in the present study were extracted teeth obtained from human anatomy practice, they were confined to those from subjects of conl- paratively low age, and strictly selected to suit the purpose of the present study. However, when the moire photographs were observed in detail, it was noticed that, despite the strict selection which had been made, some of the teeth had traces of attrition or abrasion on the cutting edge or on the proximal surfaces. In a metrical study involving statistical analysis, it is important to provide as many instances as possible. In this type of study, however, there is a difficulty in providing as many samples as are desirable, owing to the restrictive conditions imposed when the extracted teeth are used as materials. In fact, the authors also inspected extracted teeth collected from all over the country, but very few of these met the selection standard. It would thus seem desirable to consider the use of plaster casts in place of extracted teeth for this method. In spite of the problem that the anatomical crown and the clinical crown do not agree in the case of a plaster cast that reflects natural dentition, the use of plaster casts has a big advantage in that there is hardly any problem with attrition or abrasion, since the cast can be obtained from young subjects.
As mentioned earlier, the lingual surface was used as the photographic criterion in the present study. A moire photograph of the lingual surface showed that the apex of the marginal ridge was located within a comparatively narrow area, a fact that indicates the effectiveness of using it as the standard landmark. Furthermore, the location of the apex of the lingual tubercle coincided with the crossing point formed when the tips of the mesial and distal marginal ridges were traced (which is equivalent to a mountain ridge on a topographical map) [13] . This suggests the possibility of also using a plaster cast in making a three-dimensional measurement of the lingual surface of an incisor. In other words, the authors believe that, from the running pattern of the mesial and distal marginal ridges in a plaster cast, the location of the apex of the lingual tubercle can be identified.
Some of the errors that occur in measuring a moire photograph like that obtained in the present study, just as in the case of general photographic measurements, depend on perspective errors and the moire contour intervals. Under the criteria used in the present study, the estimated depth of the lingual surface was a maximum of 2.00 mm which, in terms of moire fringes, is 10. Under the photographic conditions used for the present study, 10 moire fringes represented 2.01 mm in theoryu [14] . In other words, the error that results from using moire contour intervals for measurement of the depth of the lingual surface is less than 1 %. The perspective error is 0.8% (2/260) at the lingual fossa with a depth of 2.00 mm. Although these errors can be corrected by calculation, there is no need to correct the error with regard to the lingual surface, since it is less than 1% and therefore within the permissible range for photographic measurement. However, on the labial surface, the number of moire contour fringes sometimes exceeds 30, and in cases where the error cannot be confined to less than 1 %, there is a need for correction by calculation [15] . Figure 4 shows the points which are considered to be measurement landmarks for three-dimensional measurement of the lingual surface of the upper central incisor. Specifically, these are the approximate mid-point of the incisal edge (e), the apex of the lingual tubercle (a), the highest (c, g) and the deepest (b, h) points of the mesial and distal marginal ridges, the crossing points (d, f) of the marginal lines and the cutting edge on both sides, and the deepest point (i) in the lingual fossa. These points can be identified from the moire contour lines, easily and with high reproducibility. However, owing to the nature of the contour lines, it is sometimes difficult to identify, from the contour pattern alone, the points other than the highest or the deepest points, that is, in the case of the measuring points used in the present study, the crossing points (d, f) of a marginal ridge and a cutting edge. In such a case, the selection of measuring points becomes feasible using a method in which a mark is placed on each of the locations concerned or one in which the points on the moire photograph are identified while observing the actual plaster cast.
The height of a measuring point can be determined either by using the deepest point on the lingual surface as the criterion (0.00 mm) or in terms of the vertical distance (depth) from the grid of the moire device. In the present study, the authors measured the height of each measuring point from the deepest point on the lingual surface, that is, the deepest point in the lingual fossa, by counting the intervals of moire contour lines. The accuracy of the measurement of the heights of measuring points by counting the moire contour intervals is 0.05 mm [16] . Table 1 shows the average values and standard deviations of the heights of each of the measuring points and the three-dimensional distances between them. Item 1 shows the height of three standard points. These values represent the depth of the lingual fossa. As to the depth on the lingual surface, a factor that qualitatively expresses the characteristics of the shovel-shaped incisor which is said to show a remarkable difference in the frequency of its appearance among racial populations, several investigators [17] [18] [19] have already measured the depth of the lingual fossa using the direct measuring method. The average values reported for Japanese subjects are all smaller than the results obtained in the present study. Since the number of samples in the present study was not large enough, the authors consider that a One of the major advantages of the moire method is the fact that three-dimensional information can be summarized in a single photograph. However, by photographing a single object from several different angles, as was done in the present study, it is also possible to reproduce a three-dimensional image of that objec [20] . This type of image-processing has already been studied and put into practical use [21] . Figure 5 shows the results of tracing the moire contour lines on the lingual surface with a digitizer (OSCON SS-4000: resolution 0.02 mm), replacing the result with three-dimensional coordinate values and displaying them on a CRT after computer rotation. By enhancing the accuracy of input moire contour lines, accurate measurements can also be made of the volume, surface area, etc., of the tooth. Also, it is possible to extract a cross-section or the contour of a cross-section down to the deepest point in the lingual fossa on a plane passing through the tips of the mesial and distal marginal ridges (Fig. 6) . The morphology of the crown of an incisor, particularly that of the lingual surface, is considered to show a remarkable racial difference [22] [23] [24] . Hence, it is not only regarded as an important subject of study in anatomy and anthropology but is also drawing much attention in dental science with regard to its relationships with occlusion and jaw movement, such as horizontal over-jet and sagittal incisal path. However, as explained above, this type of metrical study of the crown has only been started in recent years and a number of important problems still remain to be solved, including the formulation of three-dimensional descriptions and the procedure for conducting functional anatomical examinations, by increasing the number of materials studied.
